With different working pressures and substrate biases, Cr-Al-N coatings were deposited by hybrid physical vapor deposition (PVD) method, consisting of unbalanced magnetron (UBM) sputtering and arc ion plating (AIP) processes. Cr and Al targets were used for the arc ion plating and the sputtering process, respectively. Phase analysis, and composition, binding energy, and microstructural analyses were performed using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and field emission scanning electron microscopy (FESEM), respectively. Surface droplet size of Cr-Al-N coatings was found to decrease with increasing substrate bias. A decrease of the deposition rate of Cr-Al-N films was expected due to the increase of substrate bias. The coatings were grown with textured CrN phase and (111), (200), and (220) planes. X-ray diffraction data show that all Cr-Al-N coatings shifted to lower diffraction angles due to the addition of Al. The XPS results were used to determine the Cr 2 N, CrN, and (Cr,Al)N binding energies. The compositions of the Cr-Al-N films were measured by XPS to be Cr 23.2~36.9 at%, Al 30.1~40.3 at%, and N 31.3~38.6 at%.
Introduction
iN and CrN materials are used as a form of coating to cutting tools and precision machine parts in the machining industry due to their considerable wear and corrosion resistance, respectively for cost saving, productivity, and quality improvements. However, increased interest in issues concerning energy and the environment, for a sustainable society, the alternative machining methods such as minimum quantity lubrication and dry machining have been presented to reduce the usage of pollutants like lubricants in machining processing. Therefor the studies are being carried out regarding materials that can be used in harsh operational environments.
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Recently, compared to simple materials such as TiN and CrN, enhancement of physical properties including oxidation resistance and hardness was observed for composite coatings in which Al, Si, and C were added to TiN and CrN.
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Among such composite coatings, CrAlN coating, in which Al was added to CrN, was shown the higher hardness, lower coefficient of friction, and improved oxidation resistance compared to the conventional CrN coating. 5 , 6 ) Metallic nitride coatings with NaCl structure, such as TiN and CrN, have been reported to have excellent mechanical properties.
CrN has a high solubility with regard to Al (maximum of 77 at%). If Al penetrates within the CrN lattice above the maximum solubility, the structurure change is to the B4-wurtzite structure.
Since Cr-Al-N coating with 0.6 ~ 0.7 of Al/Cr, due to the NaCl structure of the coating, has more CrN bonding than that in AlN, the mechanical properties of CrN are maintained and oxidation resistance is exhibited due to Al. However, when the Al content increases, more AlN (B4-wurtzite) can be formed and increases the AlN bonding more than CrN bonding, which can cause the decrease of hardness.
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However, there have been studies that the addition of Al to CrAlN coating within the Al content range that does not lead to hardness can lead to the decrease of particle size of coating, consequently affecting the hardness.
From above, the prediction of the mechanical properties of a coating film, such as the hardness and the oxidation resistance, might be possible through the observation of the phase formation and microstructure of coating.
Various physical vapor deposition (PVD) methods including evaporation deposition, ion plating, and sputtering are used as the major processes for films and hard coatings deposition; the major factors of PVD that affect to the film formation include the deposition pressure, distance between the target and specimen, applied power, and bias, etc..
The ratio of the reactive gas for the reactive coating process an affects to the phase formation of the coating film and the target poisoning phenomenon, resulting in a change of the surface microstructure of coating.
Bias affects the coating deposition rate and the microstructure, and the studies In this study, Cr-Al-N coating was fabricated using the hybrid PVD method, which combines the arc ion plating and unbalanced magnetron sputtering methods. It was reported that the deposition pressure can affect to the coating density and phase formation and that the bias voltage (phase formation) affects the density of the droplets formed on the coating surface and the physical properties of the coating.
A gas mixture of argon and nitrogen was used to investigate the phase formation and microstructure of the Cr-Al-N coating according to the deposition pressure and bias voltage.
Experimental Procedure

Substrates Fabrication of Coating
Disc substrates of STS 304 with diameter of 30 mm were used, along with a Si(400) wafer with dimensions of 20 × 30 mm. The surface of the substrate was polished with 1500 mesh to obtain an roughness of 0.05 μm or less. The substrates and silicon wafer cleared by sonication using ethanol and acetone, followed by oven drying. Cr(99.9%) was installed as the arc ion plating source while Al(99.9%) was installed as the sputtering source. The distance between each target and substrate were set at 90 mm. The vacuum environment within the chamber before coating was set at 4.5E-5 torr through pumping out, followed by heating to 300 o C. The substrate and target before coating were ion cleaned using argon gas into the chamber until the chamber pressure reached 8 m torr. For the adhesion of the coating, the Cr interlayer was deposited for 10 minutes under the 8m torr argon atmosphere. The deposition pressure was adjusted to 15 m torr, 11 m torr, and 8 m torr so that the ratio of the nitrogen and argon gases in the coating process was 50~60%; to fabricate the Cr-Al-N coating, the bias voltage for each deposition pressure was applied for 30 minutes within the range of −100~−300 V. Table 1 shows the process conditions.
Characteristic of Coating
Scanning electron microscopy (JSM-6390, JELO, Japan) and field-emission scanning electron microscopy (S-4700, HITACHI, Japan) were used to observe the coating surface and cross sectional mictostructure. X-ray diffraction (D/ max-2500, Rigaku, Japan) was used to analyze the crystal structure of coating, a diffraction pattern of 30~80° range and scan rate of 2°/min under the condition of 40 kV, 100 mA using Cu kα. Composition analysis of the coating and measurement of the bonding energy were performed using X-ray photoelectron spectroscopy (PHI 5000 VersaProbe T M , ULVAC-PHI, Japan), in which the measurement was carried out using Al kα radiation (hν = 1486.6 eV), followed by calibration at C1s (284.6 eV). Figure 1 shows the coating surface microstructure. The droplets and pinholes from the arc ion plating can be observed on the Cr-Al-N coating surface. The droplets and pinholes were observed on the surfaces of the CrAlN15a, CrAlN11a, and CrAlN8a, which used the same bias voltage of −100 V. The number and size of droplets decreased for CrAlN15b, CrAlN11b, and CrAlN8b, which used an increased bias voltage of −300 V. The decrease in droplets according to the bias voltage increase can be explained through two factors. First, the arc ion plating method of deposition has a high ionization efficiency of about 80~90%, but deposition without applying the bias voltage results in partial ionization of Cr and N 2 , so that the Cr lumps (droplets) that were not ionized were deposited on the surface.
Results and Discussion
However, when bias voltage was applied, the plasma can be accelerated by the given electrical field and the droplets weakly bonded to the surface can be removed by the impact energy between the incident ions and the coating layer. Another factor is related to the repulsion force between the droplet and the substrate which is negatively charged. The droplet before deposition on the coating surface exists as a colloid form, with ions and neutrons within a plasma. Ions and neutrons absorbed into the droplets result in the droplets having a charge; electrons (smaller mass) are mainly absorbed into the droplets, which then have net negative charges. These droplets can form a repulsion force aganist the plasma sheath around the substrate, reducing the number of droplets on the coating surface.
The coating cross section is shown in Fig. 2 , in which the Cr interlayer deposition of 0.2~0.3 μm can be observed. CrAlN15a and CrAlN15b coatings are grown into the columnar structures, which the column width expanded with increasing of the thickness and the coating thicknesses decreased from 2.3 μm to 1.6 μm according to the bias increase. The microstructure of CrAlN11a and CrAlN11b coatings were observed as if columnar growth was inhibitated and the coating thicknesses decreased from 2.1 μm to 1.5 μm as the bias voltage increased. CrAlN8a and CrAlN8b did not clearly exhibit columnar growth and had coating thicknesses in a range of 2.3 μm to 2.0 μm. As the deposition pressure decreased under constant bias voltage, it was observed that the growth of columnar width decreased. This phenomenon was might determined to be due to the increase in the number of particles reaching the substrate under the relatively low deposition pressure. Also, when the bias voltage increased, the number of seeds which produced on the coating surface, increased and the nucleation growth decreased, resulting in a decrease in the particle size and an increase in the coating density.
Therefore, the decrease in the deposition pressure led to the decrease in growth of columnar width, and the coating thickness decreased due to the bias increase. Figure 3 shows the X-ray diffraction graph of coatings. In Fig. 3(a) , the Cr and CrN phase can be observed and CrN growth to (111), (200), (220), and (311) phase. The measurement results using the condition of 0.5°/min if scan rate to observe the small peaks are shown in Fig. 3(b) ; the Cr, CrN, and Cr 2 N phases were measured for all coatings. For the CrN deposited using PVD, it has been reported that the most stable plane of (200) grew first, followed by (111) or (220), due to the increase in strain energy according to the bias effect or the thickness increase. In order to investi- gate the orientation due to the bias voltage for the (111), (200), and (220) surfaces of CrN in the Cr-Al-N coating, the calculation value using the Harris texture coefficient equation is shown in Fig. 4 .
The diffraction pattern of the CrAl-N coating shifted to a low angle (2θ); this was might determined to be due to the solution of Al within the CrN lattice or the penetration of Al to the Cr lattice position in CrN. CrAlN15a lattice showed prepared growth to (111), while all the other Cr-Al-N coatings showed priority growth to (220). This result was thought to be due to the effect of strain energy on the coating layer due to the increases in the deposition pressure and bias voltage. Table 2 shows the composition analysis results for the coating and Fig. 5 shows the bonding energies of Cr, Al, and N for each coating. From Table 2 , it can be observed that deposition was carried out with 23.2 ~ 36.9 at% Cr, 30.1 ~ 40.3 at% Al, and 31.3 ~ 39.8 at% N for the CrAl-N coating. Fig. 5(a) shows the Cr 2p bonding energy; the bonding energies of (Cr,Al)N, CrN, and Cr 2 N were observed at Cr2p3/2 574.6 eV, Cr2p3/2 575.5 eV, and Cr2p3/2 577.0 eV, respectively. Moreover, Cr-O bonding was observed in the oxide film formation on the coating surface. Fig. 5(b) shows the Al bonding energy, and the bonding energy of Cr 3s was also observed above 75 eV. For all coating specimens, Al, (Cr,Al)N, and AlN were observed at Al2p 73.3 eV, 73.6 eV, and 78.2 eV, respectively. Fig. 5(c) shows the N 1s bonding energy; (Cr,Al)N, CrN, and AlN were measured. It is known that, in the XPS analysis, the bonding energy generally increases when bonding takes place with atoms of high electronegativity. The diffraction pattern of Cr, obtained through XRD analysis, was might determine to be due to the effect of the Cr interlayer deposited between the coating and the substrate.
Conclusions
Cr-Al-N coating was fabricated using a hybrid PVD system integrating the arc ion plating and unbalanced magne- tron sputtering methods. The deposition pressures were charged to 15 m torr, 11 m torr, and 8 m torr, and argon and nitrogen gases were mixed to carry out deposition at the condition of nitrogen gas ratio of at least 50%. Deposition was conducted with bias voltages of −100 V and −300 V, and the phase formation and microstructure of the coating layer according to the bias voltage and deposition pressure were observed. From the observation of the microstructure, it revealed that the size and number of droplets on the coating surface decreased as the bias voltage increased, while the deposition thickness decreased. Columnar growth was observed in the coating cross section and columnar with small width was observed as the deposition pressure decreased. In the X-ray diffraction analysis, the CrN phase was deposited with (111), (200), and (220) planes, and prepared growth of (111) and (220) 
